No-go decay (NGD) and non-stop decay (NSD) are eukaryotic surveillance mechanisms that target mRNAs on which elongation complexes (ECs) are stalled by, for example, stable secondary structures (NGD) or due to the absence of a stop codon (NSD). Two interacting proteins Dom34(yeast)/Pelota(mammals) and Hbs1, which are paralogues of eRF1 and eRF3, are implicated in these processes. Dom34/Hbs1 were shown to promote dissociation of stalled ECs and release of intact peptidyl-tRNA. Using an in vitro reconstitution approach, we investigated the activities of mammalian Pelota/Hbs1 and report that Pelota/Hbs1 also induced dissociation of ECs and release of peptidyl-tRNA, but only in the presence of ABCE1. Whereas Pelota and ABCE1 were essential, Hbs1 had a stimulatory effect. Importantly, ABCE1/Pelota/Hbs1 dissociated ECs containing only a limited number of mRNA nucleotides downstream of the P-site, which suggests that ABCE1/Pelota/Hbs1 would disassemble NSD complexes stalled at the 3 0 -end, but not pre-cleavage NGD complexes stalled in the middle of mRNA. ABCE1/Pelota/Hbs1 also dissociated vacant 80S ribosomes, which stimulated 48S complex formation, suggesting that Pelota/Hbs1 have an additional role outside of NGD.
Introduction
Translation is a cyclical process, consisting of initiation, elongation, termination and ribosome recycling stages. Release factors eRF1 and eRF3 are involved in two successive stages of protein synthesis, termination and ribosome recycling. During termination, eRF1 recognizes the stop codon in the A-site of the 40S subunit and promotes hydrolysis of P-site peptidyl-tRNA in the peptidyl-transferase centre (PTC) of the 60S subunit (Loh and Song, 2010) . eRF3 is a GTPase that is homologous to the bacterial EF-Tu and eukaryotic eEF1A elongation factors that deliver aminoacyl-tRNAs to the A-site. It comprises a non-essential N-terminal region and a C-terminal region that consists of the GTP-binding domain 1 and b-barrel domains 2 and 3 (Kong et al, 2004) . eRF1 consists of three domains (Song et al, 2000) : the N domain carries determinants of stop codon recognition, the M domain contains a conserved GGQ motif that is required to trigger peptide release, and the C domain interacts with domain 3 of eRF3 (Loh and Song, 2010) . The eRF1/eRF3 interaction strongly increases eRF3's affinity to GTP (Pisareva et al, 2006) and stimulates eRF3's ribosome-dependent GTPase activity (Frolova et al, 1996) . Binding to eRF3 also induces large conformational changes in eRF1, so that it adopts a tRNA-like structure and the eRF1KeRF3KGTP complex resembles the tRNAKEF-TuKGTP complex (Cheng et al, 2009) , which likely increases eRF1's affinity to the A-site of pretermination complexes (pre-TCs). In the current model of termination, eRF1 binds to pre-TCs as an eRF1KeRF3KGTP complex. This induces conformational changes in pre-TCs that manifest as a 2-nt forward shift of their toe-print, but peptide release does not occur until eRF3 hydrolyses GTP (Salas-Marco and Bedwell, 2004; Alkalaeva et al, 2006) . GTP hydrolysis induces further changes, likely in eRF1 (Cheng et al, 2009) , that lead to accommodation of the GGQ motif in the PTC followed by rapid peptide release (Alkalaeva et al, 2006) . Whereas eRF3 likely dissociates from ribosomal complexes after GTP hydrolysis, eRF1 remains bound to post-termination complexes (post-TCs).
Recycling of eRF1-associated post-TCs is mediated by ABCE1, a conserved, essential member of the ATP-binding cassette (ABC) family of proteins (Pisarev et al, 2010) . ABCE1 comprises an N-terminal domain harbouring two [4Fe-4S] clusters, followed by twin nucleotide-binding domains (NBDs) arranged in a typical head-to-tail orientation, which creates two composite nucleotide-binding sites (Karcher et al, 2008) . The basis for the activity of ABC proteins is their ability to undergo cyclical conformational changes depending on the nucleotide-bound state. The transition between the 'closed' ATP-bound and 'open' ADP-bound conformations results in a power stroke between NBDs (Rees et al, 2009) that could cause conformational changes in associated molecules. In a current model of recycling, ABCE1 binds to eRF1-associated post-TCs and promotes their dissociation into free 60S subunits and tRNA-and mRNA-bound 40S subunits (Pisarev et al, 2010) . Subsequent release of mRNA and tRNA can be mediated by eIFs 3/1/1A (Pisarev et al, 2007a) or Ligatin, a conserved B65 kDa protein containing N-terminal DUF1947 and PUA domains and C-terminal SWIB/MDM2 and SUI1/eIF1 domains . The essential role of eRF1 in recycling could involve (i) induction of conformational changes in post-termination ribosomes that would create a binding site for ABCE1, (ii) enhancement of ABCE1's affinity to post-TCs due to its direct interaction with eRF1 (Khoshnevis et al, 2010; Pisarev et al, 2010) or (iii) transmission/amplification of conformational changes that occur in ABCE1 upon ATP hydrolysis.
All eukaryotes contain eRF1/eRF3 paralogues Pelota (Dom34 in yeast) and Hbs1 (Atkinson et al, 2008) . Although archaea encode Pelota, they lack eRF3 and Hbs1 homologues, and their functions are performed by elongation factor aEF1a Saito et al, 2010) . Some yeasts also encode Ski7p, a divergent variant of Hbs1 (Atkinson et al, 2008) . Dom34/Pelota and Hbs1 have been implicated in the no-go decay (NGD) surveillance mechanism that targets and degrades mRNAs in stalled ribosomal elongation complexes (ECs) when stalling is caused by stable secondary structures, depurination of mRNA, rare codons or premature stop codons (Doma and Parker, 2006; Gandhi et al, 2008) . mRNA degradation is initiated by endonucleolytic cleavage in the vicinity of stalled ribosomes (Doma and Parker, 2006; Passos et al, 2009 ), but the nuclease that mediates it is not known. Another surveillance mechanism, non-stop decay (NSD), degrades mRNAs lacking a stop codon and that have ribosomes arrested at their 3 0 -end (van Hoof et al, 2002) . Although originally only Ski7p was implicated in NSD (van Hoof et al, 2002) , recent data suggest that Dom34/ Hbs1 may be involved in release of ribosomes that are stalled at the 3 0 -ends of non-stop mRNAs . The M and C domains of Dom34/Pelota are structurally related to M and C domains of eRF1, although the M domain does not contain the critical GGQ motif, but the N domain is not related to that of eRF1 and is instead similar to Sm-fold proteins (Lee et al, 2007; Graille et al, 2008) . The tip of domain N contains two loops (A and B) that are important for Dom34's activity in NGD and NSD (Passos et al, 2009; Kobayashi et al, 2010) , but their sequence variability suggests that they would not recognize the A-site codon in a sequencespecific manner. Similarly to eRF3, Hbs1 comprises a variable N-terminal region followed by a GTP-binding domain 1 and b-barrel domains 2 and 3 (van den Elzen et al, 2010) . Like eRF1/eRF3, Dom34 and Hbs1 also bind directly (Carr-Schmid et al, 2002) , and this interaction increases Hbs1's affinity to GTP (Graille et al, 2008; Chen et al, 2010) . Moreover, analogously to eRF1 and eRF3 (Cheng et al, 2009) , formation of the Dom34KHbs1KGTP and aPelotaKaEF1aKGTP complexes results in significant conformational changes in Dom34/ aPelota and adoption by them of a tRNA-like structure (Chen et al, 2010; Kobayashi et al, 2010; van den Elzen et al, 2010) , which likely increases their affinity to the A-site. Ribosomal docking suggests that these complexes would readily fit into the A-site, except for some clashes involving the Dom34 N domain and ribosomal components around the decoding centre (Chen et al, 2010) , and loop A of aPelota and mRNA in the A-site . Further conformational changes may, therefore, occur in Dom34/Pelota upon ribosomal binding.
The exact role of Dom34/Pelota and Hbs1 in NGD is only now being elucidated. The reported endonuclease activity of Dom34 and aPelota (Lee et al, 2007) could not be confirmed (Passos et al, 2009; Shoemaker et al, 2010) , and endonucleolytic cleavage of mRNA near stalled ribosomes can occur even in the absence of Dom34/Hbs1 (Chen et al, 2010; Kuroha et al, 2010) . However, a recent report convincingly showed that yeast Dom34/Hbs1 cooperatively promotes dissociation into subunits of stalled ECs containing P-site tRNA linked to a short peptide, which is accompanied by 'drop-off' of intact peptidyl-tRNA . The process required GTP hydrolysis and occurred in an A-site codon-independent manner. The fact that unlike eRF1/eRF3, Dom34/Hbs1 did not promote peptide release is consistent with Dom34 lacking the essential GGQ motif. It has been suggested that these events may initiate NGD .
Thus, whereas mammalian eRF1/eRF3 together with ABCE1 promote recycling of post-TCs (Pisarev et al, 2010) , yeast Dom34/Hbs1 can dissociate stalled ECs in an A-site codon-independent manner . Another situation that requires a mechanism for ribosomal dissociation occurs when vacant 80S ribosomes must be split to regenerate a pool of free ribosomal subunits capable of re-entering the translation process. Physiological processes as diverse as mitosis, hibernation and responses to stresses such as amino-acid starvation, hypoxia and serum deprivation all lead to accumulation of ribosomal subunits in a reservoir of translationally inactive vacant 80S ribosomes (Hogan and Korner, 1968; Surks and Berkowitz, 1971; Kaminskas, 1972; Frerichs et al, 1998) . Importantly, these ribosomes re-enter translation following progression of the cell cycle beyond mitosis, arousal after hibernation or removal of stress (e.g. by restoration of nutrient levels, which leads to dephosphorylation and reactivation of eIF2). Although eIF3 can split 80S ribosomes in the presence of eIF2-GTP/Met-tRNA Met i or single-stranded RNA (Kolupaeva et al, 2005) , it is not clear whether this mechanism can ensure dissociation of stressaccumulated 80S ribosomes at a rate sufficient for rapid resumption of translation.
Using an in vitro reconstitution approach, we investigated the activities of mammalian Pelota and Hbs1 and report that together with ABCE1, Pelota/Hbs1 promoted dissociation of stalled ECs in an A-site codon-independent manner. Like Dom34/Hbs1, Pelota/Hbs1 did not induce peptide release and dissociation was accompanied by release of intact peptidyl-tRNA, but unlike Dom34/Hbs1, Pelota/Hbs1 were unable to induce dissociation without ABCE1. Importantly, ABCE1/ Pelota/Hbs1 dissociated ECs only if they contained up to 9 mRNA nucleotides downstream of the P-site, which suggests that these factors would promote disassembly of NSD, but not pre-cleavage NGD complexes. We also report that ABCE1/Pelota/Hbs1 efficiently dissociated vacant 80S ribosomes, which strongly stimulated 48S complex formation from 80S ribosomes, suggesting that Pelota/Hbs1 have an additional role outside of NGD.
Results

Influence of Pelota, Hbs1 and ABCE1 on 48S complex formation from 80S ribosomes
Although it has been shown in vitro that initiation factors can dissociate vacant 80S ribosomes (Kolupaeva et al, 2005) , it is not known whether this activity could account for efficient dissociation of stress-accumulated 80S ribosomes in vivo.
To recapitulate the process of 80S ribosome dissociation and re-entry into the translation process in vitro, we compared 48S complex formation on (CAA)nGUS mRNA ( Figure 1A , upper panel) at a physiological free Mg 2 þ concentration of 1 mM in a reconstituted system containing eIFs and either 40S subunits or 80S ribosomes. High-yield 48S complex formation was observed only in the presence of 40S subunits ( Figure 1A , compare lanes 1 and 2), which suggested that dissociation of 80S ribosomes by eIFs was not efficient. Although dissociation of post-TCs containing mRNA and P-site deacylated tRNA can be promoted by eRF1/eRF3 and ABCE1 (Pisarev et al, 2010) , addition of eRF1/eRF3/ ABCE1 to the reaction mixture only marginally stimulated 48S complex formation in the presence of 80S ribosomes ( Figure 1A , lane 4), indicating that vacant 80S ribosomes cannot be dissociated by these factors. However, addition to the reconstituted system of small quantities of rabbit reticulocyte lysate (RRL), which alone could not promote high-yield 48S complex formation, strongly stimulated assembly of 48S complexes in the presence of 80S ribosomes (data not shown), which suggested that RRL contains a factor(s) that promotes efficient dissociation of vacant ribosomes.
The fact that yeast Dom34 and Hbs1 can split stalled ECs in an A-site codon-independent manner prompted us to investigate whether their mammalian homologues, Pelota and Hbs1, can dissociate vacant 80S ribosomes and thereby stimulate 48S complex formation. Recombinant human Pelota and Hbs1 were purified from Escherichia coli ( Figure 1B) . As in the case of its yeast homologue , the GTPase activity of mammalian Hbs1 required the presence of both 80S ribosomes and Pelota ( Figure 1C ). To investigate whether Pelota and Hbs1 can dissociate vacant 80S ribosomes, the latter were assembled from 40S subunits and [ 32 P]60S subunits (Pisarev et al, 2007a) . To prevent potential reassociation of subunits, reaction mixtures were supplemented with eIF6, which binds to the interface of the 60S subunit, blocking its association with the 40S subunit (Gartmann et al, 2010) . In sucrose density gradient (SDG) centrifugation experiments, Pelota, Hbs1 and ABCE1 promoted near complete dissociation of vacant 80S ribosomes ( Figure 1D , red circles). However, no dissociation occurred in the absence of ABCE1 ( Figure 1D , green triangles). Consistently, in the presence but not in the absence of ABCE1, Pelota and Hbs1 strongly stimulated 48S complex formation from 80S ribosomes on (CAA)nGUS mRNA ( Figure 1E , compare lanes 6 and 8). Only a very small proportion of 80S ribosomes dissociated in the presence of eRF1/eRF3/ABCE1 ( Figure 1D , blue squares), which was in line with the inability of these factors to stimulate 48S complex formation ( Figure 1A ).
Dissociation of vacant 80S ribosomes by Pelota, Hbs1 and ABCE1
Pelota and ABCE1 were able to promote dissociation of vacant 80S ribosomes even in the absence of Hbs1, but efficient dissociation in the absence of Hbs1 required higher concentrations of Pelota (Figure 2A) . Consistently, Pelota and ABCE1 also stimulated 48S complex formation in the absence of Hbs1 ( Figure 1E, lane 7) . Importantly, in the presence of GMPPNP, Hbs1 inhibited dissociation of 80S ribosomes by Pelota and ABCE1 ( Figure 2B , green filled triangles). In control reactions, GMPPNP at the ratio to ATP used in these experiments did not inhibit the activity of ABCE1 during dissociation of 80S ribosomes by Pelota/ABCE1 in the absence of Hbs1 ( Figure 2B , green open triangles). Pelota and Hbs1 were specific for each other, and could not be coupled with eRF3 or eRF1, respectively (data not shown).
Dissociation of 80S ribosomes by ABCE1/Pelota/Hbs1 occurred over a wide range of Mg 2 þ concentrations: it was equally efficient at 1.5-5 mM Mg 2 þ , B30% less efficient at 10 mM Mg 2 þ , and B85% less efficient at 20 mM Mg 2 þ ( Figure 2C ). The process was relatively rapid, and 450% of ribosomes were dissociated within 5 min of incubation ( Figure 2D ). we investigated whether Pelota and Hbs1 also possess this activity. Pre-TCs and ECs containing P-site MV-peptidyltRNA were assembled on MVHL-STOP mRNA encoding an MVHL tetrapeptide followed by a UAA stop codon and an B400-nt-long 3 0 -UTR ( Figure 3A ) from 40S subunits, [ 32 P]60S subunits, eIFs, eEFs and appropriate aminoacylated tRNAs, and purified by SDG centrifugation. Whereas pre-TCs were efficiently dissociated by eRF1/eRF3/ABCE1 after 10 min of incubation at 1.5 mM Mg 2 þ , no dissociation was observed in the presence of Pelota/Hbs1/ABCE1 ( Figure 3B ), even after 30 min of incubation at 1 mM free Mg 2 þ (data not shown). Pelota/Hbs1/ABCE1 were not able to dissociate ECs that contained a different A-site codon and a shorter peptide (MV) compared with pre-TCs (MVHL), and addition of puromycin did not change the situation ( Figure 3C ).
Pelota
During eukaryotic termination/recycling processes, binding of eRF1/eRF3 to pre-TCs results in a 2-nt forward shift of their toe-prints ( Figure 3D , compare lanes 1 and 2; Alkalaeva et al, 2006) , which likely reflects a change in the conformation of ribosomal complexes. After peptide release, ABCE1 promotes dissociation of eRF1-bound post-TCs into 60S subunits and mRNA/tRNA-associated 40S subunits, which is accompanied by reversal of the toe-print shift ( Figure 3D , lane 3; Pisarev et al, 2010) . Finally, eIFs or Ligatin induce tRNA and mRNA release from recycled 40S subunits ( Figure 3D , lane 4; Pisarev et al, 2007a; Skabkin et al, 2010) . In contrast to eRF1/eRF3, Pelota and Hbs1 did not cause a toe-print shift in pre-TCs in the presence of GTP or GMPPNP ( Figure 3D , lanes 5-8), and also did not change toe-prints of ECs containing P-site MV-peptidyl-tRNA ( Figure 3E) . 
Treatment of ribosomal complexes with RelE renders them susceptible to dissociation by Pelota, Hbs1 and ABCE1
The fact that Pelota and Hbs1 did not induce shifts in the toe-prints of pre-TCs or ECs could theoretically indicate that these factors either do not bind to such complexes at all, or at least do not bind to them productively. Interestingly, it has recently been noted that docking of the complex of archaeal aPelota with aEF1a onto the crystal structure of the bacterial 70S ribosome results in a clash between aPelota's loop A and the A-site mRNA . Thus, the inability of Pelota/Hbs1/ABCE1 to dissociate pre-TCs and ECs could potentially be due to the inability of Pelota to bind productively to ribosomal complexes, in which the A-site is stably occupied by mRNA.
To test this hypothesis, we investigated whether Pelota/ Hbs1/ABCE1 could dissociate ECs and pre-TCs assembled on MVHL-STOP mRNA after their treatment with the bacterial toxin RelE, which cleaves mRNA in the A-site (Pedersen et al, 2003; Neubauer et al, 2009) . Consistent with a previous report that showed that RelE is also active on eukaryotic ribosomal complexes (Andreev et al, 2008) , treatment with RelE of 80S initiation complexes and post-translocation ECs containing MV-dipeptide assembled on MVHL-STOP mRNA ( Figure 4A , lanes 1 and 2) resulted in mRNA cleavage after the first and second A-site nucleotides ( Figure 4A , lanes 5 and 7). As expected, RelE did not cleave mRNA in pretranslocation complexes containing MV-tRNA in the A-site that were formed in eEF2's absence ( Figure 4A of post-translocation ECs ( Figure 4B , red circles). In contrast, almost no dissociation occurred after treatment with RelE of pre-translocated complexes ( Figure 4C , red circles); a small amount of dissociated complexes most likely represented a mixture of 80S initiation complexes and ECs that underwent spontaneous eEF2-independent translocation. After treatment with RelE, Pelota/Hbs1/ABCE1 also dissociated B50% of pre-TCs ( Figure 4D , lower panel, red circles). eRF1/eRF3/ ABCE1, on the other hand, lost their ability to dissociate pre-TCs after their treatment with RelE ( Figure 4D , compare blue triangles in upper and lower panels). These data indicate that cleavage of mRNA in the A-site by RelE renders ribosomal complexes susceptible to dissociation by Pelota/Hbs1/ ABCE1.
Dissociation by Pelota, Hbs1 and ABCE1 of ECs assembled on non-stop mRNAs
Incomplete dissociation by Pelota/Hbs1/ABCE1 of pre-TCs and ECs treated with RelE was most likely due to competition between Pelota and RelE for the ribosomal A-site. However, it could nevertheless not be excluded that only complexes, in which mRNA was cleaved after the first (but not after the second) A-site nucleotide, could undergo dissociation.
To investigate this question, we assayed dissociation of ECs assembled on non-stop mRNAs encoding MVHC tetrapeptide and containing 0, 1 or 2 nts after the Cys codon ( Figure 5A ). Pelota/Hbs1/ABCE1 efficiently split into subunits ECs that had been assembled on MVHC-0 mRNA and did not contain mRNA downstream of the P-site ( Figure 5B ; red circles). However, in contrast to their yeast homologues , Pelota/Hbs1 did not promote dissociation in the absence of ABCE1 ( Figure 5B , green triangles). As expected, eRF1/eRF3/ABCE1 did not split ECs that were assembled on MVHC-0 mRNA and did not contain an A-site stop codon ( Figure 5B , blue diamonds). Dom34 and Hbs1 do not induce peptide release, but instead promote release of intact peptidyl-tRNA from ECs . To investigate the fate of peptidyltRNA during dissociation of ECs by Pelota/Hbs1/ABCE1, ECs were assembled on MVHC-0 mRNA using [
35 S]Cys-tRNA Cys , incubated with Pelota/Hbs1/ABCE1 and subjected to native gel electrophoresis or SDG centrifugation ( Figure 5C ). Like yeast Dom34/Hbs1, Pelota and Hbs1 did not induce hydrolysis of peptidyl-tRNA, and incubation of ECs with Pelota/ Hbs1/ABCE1 resulted in release of a radio-labelled product that in a native gel migrated exactly like intact [ 35 SCys]MVHC-tRNA that had been phenol extracted from purified ECs ( Figure 5C , upper panel, lanes 1, 3 and 4) and in SDG centrifugation experiments was found at the top of the gradient ( Figure 5C , lower panel, red circles). Thus, unlike dissociation of pre-TCs by eRF1/eRF3/ABCE1 in which case deacylated tRNA remained bound to recycled 40S subunits (Pisarev et al, 2010) , dissociation of ECs by Pelota/Hbs1/ ABCE1 led to release of peptidyl-tRNA into solution. Dissociation of peptidyl-tRNA was efficient ( Figure 5C , lower panel), could also occur in the absence of Hbs1 ( Figure 5C , upper panel), but absolutely required ABCE1 ( Figure 5C , both panels).
To investigate ribosomal association of mRNA after dissociation of ECs by Pelota/Hbs1/ABCE1, ECs were assembled using 32 P-labelled MVHC-0 mRNA. After incubation with Pelota/Hbs1/ABCE1, only a tiny fraction of mRNA remained bound to 40S subunits, whereas the majority was also released into solution ( Figure 5D , both panels).
Importantly, Pelota/Hbs1/ABCE1 also induced efficient dissociation into subunits of ECs assembled on MVHC-1 and MVHC-2 mRNAs that was accompanied by release of peptidyl-tRNA ( Figure 5E ; data not shown). Thus, although Pelota/Hbs1/ABCE1 could not dissociate pre-termination and ECs assembled on mRNA with an B400-nt-long 3 0 -UTR, they promoted very efficient splitting into subunits of ECs formed on non-stop mRNAs and containing 0, 1 or 2 mRNA nucleotides downstream of the P-site, which was accompanied by release of mRNA and intact peptidyl-tRNA.
The ability of Pelota/Hbs1/ABCE1 to dissociate ribosomal complexes depends on the number of mRNA nucleotides present downstream of the P-site The data described above suggest that the ability of Pelota/ Hbs1/ABCE1 to dissociate ribosomal complexes depends on the length of mRNA downstream of the P-site. To determine the maximum number of downstream nucleotides that are compatible with efficient dissociation, pre-TCs were assembled using [
35 S]Cys-tRNA Cys on mRNAs encoding MVHC tetrapeptide followed by 3, 6, 9, 13 or 17 nts ( Figure 6A ). Efficient release of [ 35 S-Cys]peptidyl-tRNA was observed for complexes containing 3, 6 and 9, but not 13 or 17 nts downstream of the P-site ( Figure 6B) .
As in the case of MVHC-0 mRNA, incubation with Pelota/Hbs1/ABCE1 of pre-TCs assembled using 32 P-labelled MVHC-9 mRNA resulted in release of mRNA into solution ( Figure 6C ), indicating that the additional 9 mRNA nucleotides were not sufficient to stabilize mRNA/40S complexes. In contrast, after treatment of yeast ECs with Dom34/Hbs1, mRNA mostly remained bound to the 40S subunits . This difference might be due to the fact that yeast complexes contained even longer region of mRNA downstream of the P-site (24 nts).
Pelota has been reported to be phosphorylated at multiple sites (Olsen et al, 2006 (Olsen et al, , 2010 Iliuk et al, 2010) , which could lead to differences in the activity of its native and recombinant forms. To test whether the inability of recombinant Pelota to promote dissociation of ribosomal complexes containing 49 nts downstream of the P-site was due to the lack of post-translational modifications, native Pelota was isolated from RRL ( Figure 6D ). Like the recombinant protein, native Pelota promoted dissociation of pre-TCs assembled on MVHL-STOP mRNA only after their treatment with RelE ( Figure 6E , compare green triangles and red circles), and could induce release of peptidyl-tRNA from ribosomal complexes containing only up to 9 nts downstream of the P-site ( Figure 6F ).
To investigate the Mg 2 þ dependence of dissociation of ribosomal complexes by Pelota/Hbs1/ABCE1, we assayed release of [ 35 S-Cys]peptidyl-tRNA from pre-TCs assembled on mRNA encoding MVHC tetrapeptide followed only by a stop codon. As expected, dissociation of such pre-TCs occurred in a narrower range of Mg 2 þ concentrations compared with vacant 80S ribosomes. Thus, whereas peptidyltRNA release was very efficient at 1.5 mM Mg 2 þ , only B50% of peptidyl-tRNA dissociated at 3 mM Mg 2 þ , and no release occurred at 5 mM Mg 2 þ ( Figure 7A ). At 1.5 mM Mg 2 þ , B70% of peptidyl-tRNA dissociated after 5 min incubation ( Figure 7B ).
Discussion
eRF1/eRF3 not only promote hydrolysis of peptidyl-tRNA during termination, but together with ABCE1 also mediate recycling of post-termination ribosomal complexes (Pisarev et al, 2010) . We now report that with the mammalian eRF1/ eRF3 paralogues, Pelota and Hbs1, ABCE1 can dissociate vacant 80S ribosomes and stalled ECs in an A-site codonindependent manner. Like their yeast counterparts Dom34/ Hbs1 ( hydrolysis of peptidyl-tRNA, and instead promoted release of intact peptidyl-tRNA from ECs. However, in contrast to Dom34/Hbs1 , Pelota/Hbs1 were unable to induce dissociation of ECs in ABCE1's absence.
There are substantial similarities between the mechanisms of dissociation of post-TCs by ABCE1 and eRF1/eRF3 and of vacant 80S ribosome and stalled ECs by ABCE1 and Pelota/ Hbs1. Although eRF3 strongly stimulates peptide release and subsequent recycling of post-TCs in a GTP-dependent manner, the absolute requirement for it can be overcome by elevated concentrations of eRF1 (Pisarev et al, 2010) . Similarly, Pelota and ABCE1 were essential for ribosomal dissociation, but Hbs1 had only a stimulatory effect, and high concentrations of Pelota could compensate for its absence. Stimulation of ribosomal disassembly by Hbs1 is consistent with the strong inhibition of release of truncated 
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His Cys "MVHC-13" mRNA: polypeptides from ribosomal complexes stalled on non-stop mRNA in yeast strains expressing Hbs1 mutants defective in GTPase activity . In the GMPPNPbound form, eRF3 prevents association of ABCE1 with eRF1-bound ribosomal complexes (Pisarev et al, 2010) . Similarly, in the presence of GMPPNP, Hbs1 also inhibited dissociation of vacant ribosomes by Pelota and ABCE1. Thus, to allow dissociation to proceed, both Hbs1 and eRF3 would likely have to dissociate after hydrolysing GTP. The mechanism by which ABCE1 then splits eRF1-and Pelota-associated ribosomes remains unknown, but an intriguing possibility is that eRF1 and Pelota might transmit and/or amplify conformational changes that presumably occur in ABCE1 upon NTP hydrolysis. ABCE1 binds directly to eRF1 (Khoshnevis et al, 2010; Pisarev et al, 2010) , but whether it also interacts with Pelota/Dom34 remains to be determined.
An important difference between eRF1/eRF3-and Pelota/ Hbs1-mediated ribosomal disassembly is that the former requires prior peptide release. eRF1/eRF3-mediated splitting of post-TCs disrupts interaction of P-site tRNA with the 60S subunit, but tRNA remains based-paired with mRNA on the recycled 40S subunit (Pisarev et al, 2010) . Although dissociation by Dom34/Hbs1 or by Pelota/Hbs1/ABCE1 of ECs containing P-site tRNA attached to a short peptide resulted in release of peptidyl-tRNA into solution ; this study), dissociation of ECs containing much longer nascent polypeptides (if it occurs) would likely result in disruption of the interaction of peptidyl-tRNA with the 40S subunit, but continued association with the 60S subunit, particularly if the polypeptide had already partly folded after traversing the exit tunnel. Thus, whereas eRF1/ eRF3-mediated dissociation relies on disruption of the interaction of P-site tRNA with the 60S subunit and, therefore, requires prior peptide release, the potential for Pelota(Dom34)/Hbs1/ABCE1 to disrupt tRNA's interaction with the 40S subunit would account for its independence on peptide release.
The N domains of eRF1 and Pelota(Dom34) are unrelated (Kong et al, 2004; Lee et al, 2007; Graille et al, 2008) , which accounts for a second major difference, namely the very strong codon dependence of eRF1/eRF3-mediated dissociation of post-TCs. The fact that eRF1/eRF3/ABCE1 did not promote dissociation of vacant 80S ribosomes suggests that eRF1 is unable to bind productively not only to complexes with an A-site sense codon, but also to ribosomes lacking mRNA, even though eRF1 stimulates eRF3's GTPase activity in the presence of vacant ribosomes (Frolova et al, 1996) . Importantly, inclusion of Pelota/Hbs1 in the reconstituted system strongly stimulated 48S complex formation from 80S ribosomes. This indicates that Pelota/Hbs1/ABCE1 might be involved in active dissociation in vivo of accumulated vacant 80S ribosomes, in which case initiation factors probably have a more passive anti-association role. The involvement of ABCE1 in recycling of vacant 80S ribosomes might also account for the translation initiation defect in ABCE1-depleted cells (Dong et al, 2004) . Disruption of the murine Pelota gene causes early embryonic lethality due to defects in the mitotic cell cycle and in cell proliferation (Adham et al, 2003) , and genetic studies have shown that Pelota (Dom34) is required for meiotic and mitotic cell division in Drosophila and Saccharomyces cerevisiae, for example impairing progression through the G 1 phase, spermatogenesis and sporulation (Eberhart and Wasserman, 1995; Davis and Engebrecht, 1998) . Protein synthesis is integrated with physiological demands by reversible regulatory mechanisms (Jackson et al, 2010) : inhibition of initiation during mitosis or meiosis leads to polysome disaggregation and accumulation of vacant 80S ribosomes, but subsequent resumption of translation is rapid and leads to reformation of polysomes (Johnson and Holland, 1965; Scharff and Robbins, 1966; Rinaldi and Monroy, 1969) . Consequently, it is possible that the effects of mutations in or disruption of Pelota (Dom34) genes described above reflect an inability of the cell to efficiently dissociate vacant 80S ribosomes to initiate active protein synthesis when this is required, emphasizing that Pelota/ Dom34 may have an additional role outside of NGD. Interestingly, genetic experiments have revealed synthetic defects between deletion of Dom34 and of some 40S subunit proteins, circumstances that reduce the level of initiation by limiting the level of active 40S subunits (Bhattacharya et al, 2010) .
Another distinct feature of Pelota/Hbs1-mediated dissociation of ECs is that it depends strongly on the length of mRNA downstream of the P-site. Thus, Pelota/Hbs1/ABCE1 efficiently split ECs containing up to 9 mRNA nucleotides downstream of the P-site, but not those containing 13 nts. How could the length of mRNA influence the ability of these factors to dissociate ribosomal complexes? One possibility is that productive binding of Pelota to the A-site might require conformational changes that involve some repositioning of mRNA in the A-site, which could be impaired by stable fixation of a longer mRNA in the mRNA-binding cleft downstream of the P-site. Docking of the archaeal aPelota/aEF1a complex onto the crystal structure of the bacterial 70S ribosome results in a clash between aPelota's loop A and the A-site mRNA , which supports the possibility that such conformational changes might occur. However, the most recent high-resolution structure of bacterial ribosomal complexes indicates that defined contacts between the 30S subunit and mRNA downstream of the A-site occur only up to position þ 12 relative to the first P-site mRNA nucleotide (i.e. not þ 15, as suggested previously; Yusupova et al, 2001) , with nucleotides at positions þ 10-12 interacting through their phosphate backbone with basic residues of ribosomal proteins (rps) S3p, S4p and S5p. The structures of 40S and 30S subunits in the area that corresponds to the mRNA path downstream of the A-site are homologous (Ben-Shem et al, 2010) and data on UV crosslinking of mRNA in eukaryotic initiation complexes suggest that the mRNA-binding paths on 40S and 30S subunits are similar (Pisarev et al, 2008) . Thus, if the mRNA path on 40S subunits extends as far downstream of the A-site as on 30S subunits, then filling it with mRNA would yield complexes containing 9 nts downstream of the P-site. However, such complexes are susceptible to dissociation by Pelota/Hbs1/ ABCE1, whereas the presence of a few additional nucleotides outside the proposed mRNA-binding channel renders them resistant to dissociation. Although it cannot be excluded that in mammalian ribosomal complexes, mRNA continues to interact with rps S2 and S3 (analogues of S5p and S3p) downstream of position þ 12, an alternative scenario of how nucleotides downstream of this position might influence dissociation can also be envisioned. Thus, binding of eRF1/ eRF3 to termination complexes causes a 2-nt forward shift of their toe-print (Alkalaeva et al, 2006) , which likely reflects a change in the position of the head relative to the body of the 40S subunit that probably also extends the interaction of mRNA with the 40S subunit downstream of the P-site. If initial binding of Pelota/Hbs1 to ECs causes analogous conformational changes, a few nucleotides that would normally be outside the mRNA-binding cleft might strengthen the interaction of mRNA with the 40S subunit, interfering with accommodation of Pelota's N domain in the A-site and rendering ECs resistant to dissociation.
Interestingly, the dissociation activity of Pelota/Hbs1 appears to be noticeably lower than that of their yeast counterparts. Thus, Dom34/Hbs1 were able to promote ribosomal dissociation in the absence of ABCE1, and could also efficiently split ECs containing 24 mRNA nucleotides downstream of the P-site . The reason for this divergence is not obvious. It might reflect the potential structural differences between yeast and mammalian ECs, but the distinct sizes of the essential loops A and B in domains N of Pelota and Dom34 could also influence the requirements for and outcome of their accommodation in the A-site.
An important implication of the fact that Pelota/Hbs1/ ABCE1 dissociate ECs containing only a limited number of mRNA nucleotides downstream of the P-site is that they would be able to recycle mammalian ECs formed on nonstop mRNAs, but not NGD ECs that are stalled in the middle of a message. This, in turn, suggests that dissociation of the latter would require prior cleavage of mRNA to convert stable NGD complexes into dissociation-prone NSD complexes. Where should mRNA cleavage occur in this case? Specific cleavage of mRNA in the A-site would render ECs susceptible to dissociation by Pelota/Hbs1/ABCE1, since these factors could dissociate ribosomal complexes treated with RelE. However, RelE/RelB-like toxin-antitoxin systems do not occur in eukaryotes (Makarova et al, 2009) , and no eukaryotic endonuclease with A-site specificity has been unambiguously identified yet. Although mRNA in the in vitro assembled ECs was stable over extended incubation periods, it cannot be excluded that under certain conditions in vivo, the A-site mRNA might be cleaved by the ribosome itself in a manner like that proposed for bacterial ribosomes during elongation pausing (Hayes and Sauer, 2003; Sunohara et al, 2004) . However, if cleavage of mRNA somewhere at the 3 0 -side of mRNA outside the mRNA-binding cleft removed the inhibitory secondary structure and allowed elongation to resume, NGD complexes would be converted into NSD complexes, which are susceptible to dissociation. On the other hand, if the mammalian mRNA-binding cleft does indeed end at position þ 12, and if mRNA is cleaved directly after this position, then such complexes would also be susceptible to dissociation, even without further elongation. This hypothetical mechanism would also account for dissociation of those NGD complexes, on which mRNA cleavage would not promote further elongation (e.g. complexes stalled on rare codons). Several lines of evidence indicate that in yeast, endonucleolytic cleavage of mRNA can occur independently of Dom34/Hbs1. Thus, cleavage of mRNA containing a stable hairpin was reduced, but not abolished by deletion of Hbs1 in an ski7D yeast strain (Doma and Parker, 2006) and was partially restored in a dom34D strain by overexpression of rpS30 (Passos et al, 2009) , whereas mRNAs containing clusters of rare Arg codons or encoding polylysine or polyarginine sequences underwent efficient endonucleolytic cleavage in the absence of Dom34 and/or Hbs1 (Chen et al, 2010; Kuroha et al, 2010) . However, even though Dom34 and Hbs1 are not essential for endonucleolytic cleavage of mRNA in stalled complexes, the impairment of cleavage of mRNA containing a stable hairpin in the absence of Dom34 or Hbs1 (Doma and Parker, 2006; Passos et al, 2009 ) suggests that they might either enhance recruitment of an endonuclease to stalled ribosomes or activate a latent endonuclease that is already associated with elongating ribosomes (Harigaya and Parker, 2010) . Importantly, we note that the ability of yeast Dom34/Hbs1 to dissociate ECs containing up to 24 mRNA nucleotides downstream of the P-site suggests that the order of events during NGD in yeast and in mammals might differ.
Materials and methods
Plasmids
Expression vectors for His 6 -tagged eIFs 1, 1A, 4A, 4B, 5, Ligatin, eRF1 and eRF3aC lacking the N-terminal 138 a.a., and transcription vectors for (CAA)nGUS mRNA, MVHL-STOP mRNA, tRNA Met i and tRNA Val (GUG) have been described (Pestova and Kolupaeva, 2002; Alkalaeva et al, 2006; Pisarev et al, 2007a, b; Skabkin et al, 2010 and references therein) . Vectors for expression of C-terminally His 6 -tagged human Pelota and Hbs1 were from Genecopoeia, Inc. Vectors for transcription of mRNAs encoding MVHC tetrapeptide followed by 0, 1, 2, 3, 6, 9, 13 or 17 nts ( Figures 5A and 6A) were made by inserting DNA sequences flanked by an upstream T7 promoter and unique restriction sites into pJ204 (DNA2.0). mRNAs and tRNAs were transcribed using T7 RNA Polymerase.
32 P-labelled MVHC-0 mRNA (5 Â10 6 c.p.m./mg) was transcribed in the presence of [a 32 P]ATP.
Purification of factors and ribosomal subunits
Rabbit 40S and 60S subunits, eIFs 2, 3, 4F, 5B and 6, eEF1H, eEF2, ABCE1 and aminoacyl-tRNA synthetases and recombinant His 6 -tagged eIFs 1, 1A, 4A, 4B, 5, eRF1, eRF3 and Ligatin were purified as described (Si et al, 1997; Pestova and Hellen, 2003; Alkalaeva et al, 2006; Pisarev et al, 2007a Pisarev et al, , 2010 Skabkin et al, 2010) . [ 32 P]60S subunits (2 Â10 7 c.p.m./pmol) were prepared using casein kinase II (Pisarev et al, 2007a) .
Purification of recombinant Pelota and Hbs1
Recombinant Pelota and Hbs1 were expressed in 1 and 4 l of E. coli BL21(DE3), respectively, after induction by 0.1 mM IPTG for 16 h at 161C. Pelota was purified by affinity chromatography on Ni-NTAagarose followed by FPLC on a MonoQ HR5/5 column. Hbs1 was purified by affinity chromatography on Ni-NTA-agarose followed by FPLC on MonoS HR5/5 and MonoQ HR5/5 columns.
Purification of native Pelota
Pelota was purified from the 40-50% ammonium sulphate precipitation fraction of the 0.5-M KCl ribosomal salt wash that was prepared from 3 l of RRL (Green Hectares, Oregon, WI) (Pisarev et al, 2007b) . This fraction was dialysed against buffer A (20 mM Tris-HCl, pH 7.5, 10% glycerol, 2 mM DTT, 0.1 mM EDTA) þ 100 mM KCl and applied to a DE52 column equilibrated with buffer A þ 100 mM KCl. Pelota was eluted by buffer A þ 250 mM KCl. This fraction was applied to a P11 column equilibrated with buffer A þ 100 mM KCl, and Pelota was eluted by buffer A þ 400 mM KCl. This fraction was applied to an FPLC MonoS HR 5/5 column. Fractions were collected across a 100-500 mM KCl gradient. Pelota eluted at B340 mM KCl. Pelota-containing fractions were applied to a hydroxyapatite column. Fractions were collected across a 20-500 mM phosphate buffer gradient. Pelota was eluted at B270 mM phosphate buffer. Pelota-containing fractions were concentrated and transferred into buffer A þ 100 mM KCl on Microcon YM30.
Aminoacylation of tRNA
In vitro transcribed tRNA Met i , tRNA
Val (GUG) and total native tRNAs (Promega) were aminoacylated with Met, Val, His, Leu and Cys, as appropriate, as described (Pisarev et al, 2007a, b 
NTPase assay
A total of 0.5 pmol Hbs1 was incubated in a 20-ml reaction mixture containing buffer B (20 mM Tris, pH 7.5, 100 mM KCl, 0.25 mM spermidine, 2 mM DTT) supplemented with 1.5 mM MgCl 2 , 5 mM GTP and 0.33 mM [g-32 P]GTP in the presence/absence of 2.5 pmol 80S ribosomes and 5 pmol Pelota at 371C for 20 min. In all, 2 ml aliquots were spotted onto polyethyleneimine cellulose plates for chromatography done using 0.8 M LiCl/0.8 M acetic acid.
Assembly and purification of vacant ribosomes and ribosomal complexes Initiation, elongation and pre-termination ribosomal complexes were assembled on MVHL-STOP mRNA and mRNAs encoding MVHC tetrapeptide followed by 0, 1, 2, 3, 6, 9, 13 or 17 nts and purified by SDG centrifugation essentially as described (Alkalaeva et al, 2006; Pisarev et al, 2007a Figure 2D , in which incubation for periods ranging from 45 s to 10 min was followed by quenching by elevation of Mg 2 þ concentration to 20 mM) at 371C in a 40-ml reaction mixture containing buffer B supplemented with 0.5 mM ATP and 0.5 mM GTP ( Figures 1D, 2A , C and D), 1 mM ATP and 0.1 mM GTP or GMPPNP ( Figure 2B ), and corresponding amounts of MgCl 2 to achieve 1.5 mM free Mg 2 þ (except for experiments shown in Figure 2C , in which free Mg 2 þ concentration ranged from 1.5 to 20 mM). For dissociation of ribosomal complexes ( Figures 3B, C and 5B), complexes (0.5 pmol) were incubated with different combinations of 5 pmol Pelota, 5 pmol Hbs1, 5 pmol eRF1, 5 pmol eRF3, 2 pmol ABCE1, 2 pmol eIF6 and 1 mM puromycin for 10 min at 371C in a 60-ml reaction mixture containing buffer B supplemented with 0.5 mM ATP, 0.5 mM GTP and 2.5 mM MgCl 2 . For dissociation of ribosomal complexes treated with RelE ( Figures 4B-D and 6E) , complexes (0.5 pmol) were preincubated with 24 pmol RelE for 5 min at 371C in a 60-ml reaction mixture containing buffer B supplemented with 0.5 mM ATP, 0.5 mM GTP and 2.5 mM MgCl 2 , after which reaction mixture were supplemented with different combinations of 5 pmol recombinant (or native, when indicated) Pelota, 5 pmol Hbs1, 5 pmol eRF1/eRF3, 2 pmol ABCE1 and 2 pmol eIF6 and incubation continued for another 10 min. All reaction mixtures were then subjected to centrifugation through 10-30% SDG prepared in buffer B supplemented with 5 mM (Figures 1D, 2A ]MVHC-9 mRNAs (0.5 pmol) were incubated with different combinations of 5 pmol recombinant Pelota, 5 pmol Hbs1, 5 pmol eRF1, 5 pmol eRF3, 2 pmol ABCE1 and 2 pmol eIF6 for 10 min at 371C in a 60-ml reaction mixture containing buffer B supplemented with 0.5 mM ATP, 0.5 mM GTP and 2.5 mM MgCl 2 , and subjected to centrifugation through 10-30% SDG prepared in buffer B supplemented with 5 mM MgCl 2 in a Beckman SW55 rotor at 53 000 r.p.m. for 75 min, or to native gel electrophoresis (see below). Ribosomal association of mRNA was assayed by Cerenkov counting of an aliquot of each fraction after SDG centrifugation, or by autoradiography ( Figures  5D and 6C ).
Peptidyl-tRNA release
Ribosomal complexes assembled with [ 35 S]Cys-tRNA Cys (0.5 pmol) were incubated with different combinations of 5 pmol recombinant (or native, when indicated) Pelota, 5 pmol Hbs1, 2 pmol ABCE1 and 2 pmol eIF6 for 10 min (except for the experiments shown in Figure 6D , in which incubation for periods ranging from 1.5 to 10 min was followed by quenching by elevation of Mg 2 þ concentration to 10 mM) at 371C in a 60-ml reaction mixture containing buffer B supplemented with 0.5 mM ATP, 0.5 mM GTP and 2.5 mM MgCl 2 (except for the experiments shown in Figure 6C , in which free Mg 2 þ concentration ranged from 1.5 to 10 mM) and subjected to centrifugation through 10-30% SDG prepared in buffer B supplemented with 5 mM ( Figure 5C and E) or 10 mM ( Figure 6C and D) MgCl 2 in a Beckman SW55 rotor at 53 000 r.p.m. for 75 min, or to native gel electrophoresis (see below). Ribosomal association of peptidyl-tRNA was assayed by Cerenkov counting of an aliquot of each fraction after SDG centrifugation, or by autoradiography ( Figures 5C, 6B and F) .
Toe-printing analysis of ribosomal complexes
To study the influence of Pelota, Hbs1, eRF1/eRF3 and ABCE1 on 48S complex formation on (CAA)nGUS mRNA ( Figure 1A and E), reaction mixtures (20 ml) containing 1 pmol mRNA, 5 pmol eIF2, 2.5 pmol eIF3, 5 pmol eIF4A, 7 pmol eIF4B, 2.5 pmol eIF4F, 10 pmol eIF1, 10 pmol eIF1A, 2.5 pmol Met-tRNA Met i , 1.5 pmol 40S subunits or preformed 80S ribosomes, and different combinations of 5 pmol eRF1, 5 pmol eRF3, 5 pmol Pelota, 5 pmol Hbs1 and 2 pmol ABCE1 were incubated for 10 min at 371C in buffer B supplemented with 1 mM ATP, 0.5 mM GTP and 2.5 mM MgCl 2 . Assembled 48S complexes were analysed by primer extension using AMV-RT and [ 32 P]-labelled primers (Pisarev et al, 2007b) .
To assay the influence of Pelota, Hbs1 and ABCE1 on ribosomal ECs ( Figures 3D and E) , ribosomal complexes (0.2 pmol) were incubated with combinations of 2 pmol Pelota, 2 pmol Hbs1, 2 pmol ABCE1, 2 pmol Ligatin, 2 pmol eIF6, 2 pmol eRF1 and 2 pmol eRF3 in a 40-ml reaction mixture containing buffer B supplemented with 1 mM GTP or GMPPNP and 2.5 mM MgCl 2 for 10 min at 371C. After incubation, the concentration of Mg 2 þ was elevated to 20 mM to prevent further recycling. Ribosomal complexes were analysed by primer extension using AMV-RT and appropriate [ 32 P]-labelled primers (Pisarev et al, 2007b) .
For toe-print analysis of RelE-mediated cleavage of mRNA ( Figure 4A ), ribosomal complexes (0.15 pmol) were incubated with 10 pmol RelE in a 20-ml reaction mixture containing buffer B supplemented with 0.5 mM ATP, 0.5 mM GTP and 2.5 mM MgCl 2 for 10 min at 371C. After incubation, mRNA was phenol extracted and analysed by primer extension using AMV-RT and [ 32 P]-labelled primers (Pisarev et al, 2007b) .
Native gel electrophoresis
Native gel electrophoresis was performed essentially as described (Acker et al, 2007) . In all, 20 ml aliquots of reaction mixtures were loaded in loading buffer (5 Â ¼ 50% sucrose, 0.02% bromphenol blue, 0.02% xylene cyanol) onto 4% native polyacrylamide gel (37.5:1 acrylamide:bis-acrylamide) prepared in THEM buffer (34 mM Tris base, 57 mM HEPES, 0.1 mM EDTA, 2.5 mM MgCl 2 ) using 22 cm Â 18 cm Â 0.5 mm plates. Samples were run for 1 h at 41C at 10 W. Gels were dried and autoradiographed.
